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Abstract 
 
 Hydrotalcite-like compounds of the formula NixZn6-xAl2(OH)16(SO4).4H2O 
where x varies from 0 to 6, equivalent to a zinc-substituted carrboydite have been 
synthesised and characterised by X-ray diffraction , electron microscopy and 
vibrational spectroscopy. Both the d(003) spacing and the crystallite size are a 
function of the amount of zinc replacement for nickel in the carrboydite-like 
compounds.  Transmission electron microscopy shows the clay-like crystal structure 
of these hydrotalcite compounds. These compounds were characterised by vibrational 
spectroscopic techniques and a comparison made with the naturally occurring 
minerals. Additional bands in the sulphate antisymmetric stretching and bending 
region leads to the conclusion that the symmetry of the sulphate anion is reduced 
inferring the bonding of the sulphate anion to the hydrotalcite hydroxyl surface.  
 
Key Words: hydrotalcite, brucite, Raman microscopy, carrboydite, hydrohonessite, 
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INTRODUCTION 
 
 In nature a group of minerals exist which have a brucite structure in which 
some of the Mg cations are replaced by other trivalent cations such as Al. These 
minerals are collectively known as hydrotalcites.  The replacement of the Mg by Al 
results in the formation of a positive charge on the hydroxyl surface of the 
hydrotalcite which must be counterbalanced by the negative charges of anions 
intercalated within the brucite-like layers. These anions are most commonly carbonate 
but may in effect be any anion including sulphate, nitrate, hydroxyl, 
hexacyanoferrate(II) and (III).  These hydrotalcites have often been termed anionic 
clays because of their layer like structure.  Compounds resembling hydrotalcites in 
chemistry are referred to as LDH’s or layered double hydroxides. 
 
The structure of hydrotalcite can be derived from a brucite structure 
(Mg(OH)2) in which e.g. Al3+ or Fe3+ (pyroaurite-sjögrenite) [Mg6Fe23+ 
(CO3)(OH)16.4H2O] substitutes a part of the Mg2+ [1-4]. This substitution creates a 
positive layer charge on the hydroxide layers, which is compensated by interlayer 
anions or anionic complexes. In hydrotalcites a broad range of compositions are 
possible of the type  [M2+1-xM3+x(OH)2] x/n.yH2O, where M2+ and M3+ are the di- and 
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trivalent cations in the octahedral positions within the hydroxide layers with x 
normally between 0.17 and 0.33. An- is an exchangeable interlayer anion [5]. 
 
 
Interest in the study of hydrotalcites results from their potential use as 
catalysts [6-10].  The reason rests with the ability to make mixed metal oxides at the 
atomic level, rather than at a particle level. Such mixed metal oxides are formed 
through the thermal decomposition of the hydrotalcite [11, 12].  This means that 
mixed metal oxides on a nanoscale can be formed. This provides an excellent means 
of producing for example ZnO nanoscale material. Hydrotalcites may also be used as 
a components in new nano-materials such as nano-composites [13].  There are many 
other uses of hydrotalcites. Hydrotalcites are important in the removal of 
environmental hazards in acid mine drainage [14, 15]. In particular the hydrotalcite 
can remove toxic anions such as arsenates by ion exchange. Hydrotalcite formation  
offers a mechanism for the disposal of radioactive wastes [16].  Hydrotalcite 
formation may also serve as a means of heavy metal removal from contaminated 
waters [17].   
 
The characterisation of these types of minerals by infrared spectroscopy has 
been well documented  [6].  More recently, infrared emission spectroscopy has been 
used to study the thermal behaviour of hydrotalcites.  One of the disadvantages of 
infrared spectroscopy in the study of hydrotalcites is that the water in the hydrotalcite 
is such an intense absorber, and may mask the absorbance of the MOH units.  One of 
the advantages of Raman spectroscopy is that water is a very poor scatterer.  Thus the 
hydroxyl stretching of the MOH units may be readily observed.  However few reports 
of the Raman spectroscopy of these hydrotalcite minerals either natural or synthetic 
have been forthcoming.  The application of Raman spectroscopy to the study of 
synthetic Ni/Al and Ni,Zn/Al hydrotalcites has shown the reduced symmetry of the 
carbonate in the interlayer [18].  The effect of cation size on hydrotalcite stability has 
been studied using vibrational spectroscopic techniques [19]. in-situ infrared and 
Raman spectroscopy has been sued to determine the thermal stability of as-
synthesised Ni/Al and Ni,Zn/Al hydrotalcites [18, 19].  
 
In this paper we report the synthesis and characterisation of carrboydite  
[Ni6Al23+(SO4,CO3)(OH)16.4H2O] and Zn-substituted carrboydite 
[Zn6Al23+(SO4,CO3)(OH)16.4H2O] using a range of techniques including powder X-
ray diffraction, electron microscopy and Raman microscopy. 
 
EXPERIMENTAL  
 
Synthesis of Zn-carrboydite compounds:  
 
 A mixed solution of aluminium and nickel and/or zinc nitrates ([Al3+] = 0.25M 
and [Ni2+] + [Zn2+] = 0.75M; 1M = 1mol/dm3) and a mixed solution of sodium 
hydroxide ([OH-] = 2M) and the desired anion, at the appropriate concentration, were 
placed in two separate vessels and purged with nitrogen for 20 minutes (all 
compounds were dissolved in freshly decarbonated water). The cationic solution was 
added to the anions via a peristaltic pump at 40mL/min and the pH maintained above 
9. The resulting precipitate was then filtered thoroughly with room temperature 
decarbonated water to remove nitrates and left to dry in a vacuum desiccator for 
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several days.  In this way hydrotalcites with different anions in the interlayer were 
synthesised. The phase composition was checked by X-ray diffraction and the 
chemical composition by EDX analyses. 
 
 
 
X-ray diffraction 
 
 X-Ray diffraction patterns were collected using a Philips X'pert wide angle X-
Ray diffractometer, operating in step scan mode, with Cu Kα radiation (1.54052 Å). 
Patterns were collected in the range 3 to 90° 2θ with a step size of 0.02° and a rate of 
30s per step. Samples were prepared as a finely pressed powder into aluminium 
sample holders. The Profile Fitting option of the software uses a model that employs 
twelve intrinsic parameters to describe the profile, the instrumental aberration and 
wavelength dependent contributions to the profile. 
 
SEM 
 
 Zn-substituted carrboydite samples were coated with a thin layer of evaporated 
carbon and secondary electron images were obtained using an FEI Quanta 200 
scanning electron microscope (SEM). For X-ray microanalysis (EDX), three samples 
were embedded in Araldite resin and polished with diamond paste on Lamplan 450 
polishing cloth using water as a lubricant. The samples were coated with a thin layer 
of evaporated carbon for conduction and examined in a JEOL 840A analytical SEM at 
25kV accelerating voltage. Preliminary analyses of the zippeite samples were carried 
out on the FEI Quanta SEM using an EDAX microanalyser, and microanalysis of the 
clusters of fine crystals was carried out using a full standards quantitative procedure 
on the JEOL 840 SEM using a Moran Scientific microanalysis system. Oxygen was 
not measured directly but was calculated using assumed stoichiometries to the other 
elements analysed. 
 
TEM 
 A Philips CM 200 transmission electron microscopy (TEM) at 200KV is used 
to investigate the microstructural aspects of the Zn-substituted takovite. All samples 
were dispersed in 50% ethanol solution and then dropped on carbon coated films, 
dried in an oven at 50°C for 10 mins for TEM studies without using any resin. 
RESULTS AND DISCUSSION 
 
X-ray diffraction 
 
 The X-ray diffraction patterns of the zinc-carrboydite with differing Ni/Zn 
ratios are shown in Figure 1. Figure 1a displays the complete diffractogram and 
Figure 1b the d(003) peak. The XRD patterns clearly show the hydrotalcites are 
layered structures with interspacing distances of between 8.4 and 9.1 Å.  The XRD 
patterns for the low Zn-substituted carrboydite patterns are noisier compared with the 
Zn-carrboydite; this is attributed to the crystallinity of the Zn-carrboydite phase. The 
carrboydite crystallises more rapidly than Zn- carrboydite. Such a phenomenon can be 
observed in the width of the XRD peaks. The d(003) peak for Zn- carrboydite is 
sharp, whereas the peaks for the synthetic carrboydite are broad. It is clear there is a 
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slight shift to smaller d(003) spacing upon substitution of the Ni by Zn in the 
carrboydite formulation (Figure 2a).  Such a phenomenon has been observed for the 
reevesite-pyroaurite series. It is proposed that the small shift to smaller d-spacing is 
due to the difference in the ionic radius of Ni and Zn ions. There is a linear correlation 
between the d(003) spacing and the moles of Zn substitution.  The equation is y = 
0.1135x + 8.3833 with R2 = 0.9885.  The significance of this result is that not only are 
the interlayer spacing of hydrotalcites anion dependent [5] but are also cation 
dependent.  The effect of cation replacement of Ni by Zn causes an increase in the 
interlayer spacing. Previous studies have suggested that only the size of the anion 
affected the interlayer space. 
 
 It is obvious from Figure 1b that the width of the d(003) peak decreases with 
the moles of Zn substituted.  The variation in crystallite size is shown in Figure 2b.  
There is a steady increase in crystallite size with increasing Zn substitution.  When all 
the Ni has been replaced by the Zn, large crystallites of around 100 Å are formed. For 
the synthetic carrboydite small crystallites of around 33 Å are formed. A difference is 
observed when the hydrotalcite is formed with rapid addition of reactants or with slow 
addition. Slow addition results in larger crystallite sizes. 
 
Scanning and transmission electron microscopy 
 
 SEM images confirm the observations inferred from the XRD results 
(Figure3).  The width of the image is 20 microns. Figure 3 shows the SEM image for 
carrboydite. There appears to be an agglomeration of small particles with some 
resemblance to the images of clays. The particle size in the agglomerates varies from 
0.1 to around 1.0 microns.  These particles are not the same as the crystallites which 
cause the XRD reflections. Nevertheless the same trends are observed. In contrast to 
the first image, the particles are larger and the compound shows a clay-like 
appearance. Individual layers appear in the image. Typical TEM photographs of the 
Zn- carrboydite are shown in Figure 4a (Ni5Zn1) and Figure 4b (Ni3Zn3).  The full 
width of the image is 50 nm. The figures show pseudo-hexagonal crystals of about 2-
4 nm in size.  Some crystals of different morphology are observed in the Ni/Zn 3: 3 
carrboydite. These crystals appear elongated, rod-like and are 5-10 nm in length. The 
images prove that hydrotalcites form crystals on the nanometer scale. 
 
Raman spectroscopy 
 
 The hydrotalcites used in this study are synthetic and have been formed by 
deposition from solution.  Solutions in nature are formed from the oxidised zones of 
pyrite ore bodies.  These are based upon the dissolution of Ni-Fe sulphides during 
weathering.  The hydrotalcites are formed at the appropriate pH and solution 
chemistry.  This means the interlayer anion is whatever anion is available in solution 
during precipitation. In the laboratory control of pH and of the targeted anion means 
that control of the synthetic LDH is achievable.  More often than not the anions are 
sulphate or carbonate; and more likely there is a mixture of the two anions in the 
hydrotalcite interlayer.  In the laboratory it is possible to achieve only a single anion 
in the interlayer.  Thus the hydrotalcites based upon Ni as the divalent ion is 
Ni6Al2(OH)16(CO3).4H2O (takovite) and Ni6Fe2(OH)16(CO3).4H2O (reevesite) 
depending on which is the trivalent cation.  If sulphate is the predominant anion the 
two minerals are carrboydite Ni6Al23+(SO4,CO3)(OH)16.4H2O and hydrohonessite 
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[Ni6Fe23+(SO4)(OH)16.8H2O].  If Mg replaces the Ni in these two minerals then the 
minerals motukoreaite and mountkeithite are obtained.  Hydrotalcites in which Ni has 
partially or completely replaced the Zn are todate unknown in nature.  
 
 The free sulphate anion SO42- has a site symmetry of Td corresponding to a 
space group of 7hO with the ν3(F) and ν4(F) modes both Raman and infrared active, 
while the ν1(A1) and ν2(E) modes are only Raman active with ν1 around 981, ν2 
around 451, ν3 around 1104 and ν4 around 613 cm-1. Good examples of natural 
hydrotalcites with sulphate in the interlayer are honessite, hydrohonessite and 
carrboydite.  The Raman spectra of carrboydite and the Zn-substituted carrboydites 
are shown in Figure 5. The results of the band component analyses of these spectra 
are reported in Table1.  The Raman spectra show almost no variation of the band 
centre of the SO42- stretching vibration. There may be a very slight shift from 979 cm-1 
for the Ni6Zn0 carrboydite compound to 981 cm-1 for the completely Zn substituted 
carrboydite compound.  This shift may be related to the strength of the hydrogen bond 
formed between the sulphate anion and the interlayer water or the brucite-like 
hydroxyl surface [20]. A very low intensity band is observed at 974 cm-1 in the 
infrared spectrum which is probably the forbidden infrared band (Figure 6 and Table 
2). This band may be activated through a loss of symmetry which might result form 
the sulphate anion bonding to the brucite-like hydroxyl surface.  The 
-2
4SO antisymmetric vibrations are not observed in the Raman spectra of the Zn-
substituted carrboydite compounds. Their presence is masked by carbonate impurity 
which appears as bands at around 1060 cm-1.  The infrared spectra show an intense 
band at around 1100 cm-1 which may be resolved into component bands. These bands 
are found at 1137, 1111, 1080 and 1036 cm-1 for the synthetic carrboydite.  
 
 The Raman spectra of the low wavenumber region are shown in Figure 7.  A 
strong band is found in all of the spectra at around 600 to 612 cm-1. This band is 
assigned to the ν4 bending mode. Although the band appears as a single band in the 
Raman spectra, two overlapping bands are observed in the infrared spectra centred 
upon 612 and 597 cm-1.  The observation of multiple bands in this region suggests that 
a reduction in symmetry from Td to C3v or C2v has occurred. Such symmetry reduction 
would occur if the -24SO anion was bonded to the hydroxyl surface.  This symmetry 
reduction is supported by the observation of two bands 390 to 475 cm-1 region. Bands 
in this region are attributed to the ν2 bending mode. For the Ni0Zn6 carrboydite 
compound two bands are observed at 450 and 395 cm-1; for the Ni3Zn3 compound 
two bands are observed at 490 and 450 cm-1; for the Ni0Zn6 compound the two bands 
are found at 442 and 391 cm-1.  No sulphate bands are found at around 550 cm-1.   Yet 
an intense band is found in all the spectra at this position. The band is assigned to a 
hydroxyl deformation mode associated with NiOH and ZnOH deformation modes. 
 
 The Raman spectrum of natural hydrohonessite displays bands at 671, 619 and 
579 cm-1. These bands are attributed to the -24SO  ν4 bending modes.  The first two 
bands have halfwidths of 6.8 and 12.2 cm-1. The last band is broad with a bandwidth 
of 46.8 cm-1. Two additional bands are observed at 493 and 414 cm-1 and are 
attributed to the ν2 bending modes.  The bandwidths are 10.1 and 8.2 cm-1. The 
Raman bands for reevesite show similarity in band position; however there are 
significant differences in intensity.  Bands are observed at 670, 619 and 586 cm-1 for 
the ν4 vibrations with bandwidths of 6.3, 12.7 and 53.2 cm-1.  The ν2 modes for 
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reevesite are observed at 493 and 414 cm-1 with bandwidths of 10.3 and 8.1 cm-1.  The 
bands for carrboydite may be compared. In this example, the Raman spectrum shows 
quite broad overlapping bands in both the ν2 and ν4 regions.   For carrboydite, the ν4 
bands are observed at 631, 613, 563 and 552 cm-1 with bandwidths of 28.9, 30.2, 46.5 
and 15.5 cm-1.  The ν2 bands are observed at 499, 457 and 403 cm-1.   
 
 Natural carrboydite is characterised by an intense band centred at 980 
cm-1 and is assigned to the -24SO  symmetric stretching vibration.  A very broad band 
for natural carrboydite is observed at around 1125 cm-1 and this must be the 
observation of the Raman bands of the -24SO  antisymmetric stretching vibrations.  The 
infrared spectrum of carrboydite shows three bands at 1088, 1021 and 978 cm-1. The 
first two bands are due to the intense -24SO  antisymmetric stretching vibrations and 
the last band is the weak infrared -24SO  symmetric stretching vibration.  No carbonate 
bands at around 1060 cm-1 was observed in the Raman spectrum; thus indicating the 
carrboydite was a pure sulphate mineral with no carbonate exchange.  The 981 cm-1 
band is broad with bandwidth of 28.7 cm-1.  In contrast, the Raman spectrum of both 
hydrohonessite and reevesite show sharp bands at 1008 cm-1 with bandwidths of 5.5 
cm-1.  Hydrohonessite Raman spectrum shows two bands at 1135 and 1115 cm-1 with 
bandwidths of 8.2 and 26.1 cm-1.  The reevesite Raman spectrum displays two bands 
at 1135 and 1118 cm-1 with bandwidths of 10.4 and 16.7 cm-1.  The infrared spectrum 
of hydrohonessite shows two intense bands at 1088 and 1021 cm-1.   A very weak 
band is observed at 978 cm-1.  In comparison the bandwidths of the infrared peaks are 
very broad.  The Raman spectrum of mountkeithite displays two bands at 1129 and 
1109 cm-1, assigned to the -24SO  antisymmetric stretching vibrations.   
 
 Bish and Livingstone observed for honessite the sulphate ν1, ν2, ν3 and 
ν4 modes at 980, 500, 1140 and 650 cm-1, respectively. [21] The ν3 mode is clearly 
split but no separate band positions were given. The infrared spectrum of synthetic 
hydrohonessite was very similar to that of the naturally occurring honessite. 
[21]Although the split of the ν3 mode is only visible as a weak shoulder on the low 
wavenumber side of the comparatively broad band in contrast to the (hydro)honessite, 
where the weaker of the two bands is observed as a separate band or shoulder at the 
higher wavenumber side. The fact that these authors found all four modes to be 
infrared active indicates that the symmetry of the sulphate anion has been lowered 
from Td for the free anion to C3 or C3v, which would result in activation of the two 
infrared inactive modes plus splitting of the ν3 mode. Dutta and Puri observed bands 
associated with the sulphate anion in Li/Al-hydrotalcite in the Raman spectrum 
around 457, 467, 620 (all three weak), 986 and 1116 cm-1 (broad). The splitting of ν2 
and the broadening of the antisymmetric stretching mode ν3 indicate a significant 
symmetry lowering. [22] Dutta and Puri suggested D2 which is however not 
compatible with the infrared data where all four bands have been observed. [22] For 
similar reasons C3 site symmetry as suggested by Bish is not compatible with the 
Raman data. Therefore, based on combined observations in both the infrared and 
Raman spectra the conclusion has to be that the site symmetry is most probably C2v or 
Cs with ν1 A1 infrared and Raman active, ν2 A1 infrared and Raman active, ν2 A2 only 
Raman active, and ν3 and ν4 A1 + B1 + B2 all infrared and Raman active. 
Raman Spectra of the Hydroxyl Stretching Region 
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In hydrotalcites water can be present in various forms. In general one can 
recognise water in the interlayer between the hydroxide layers, which may or may not 
form bridging-type bonds with the exchangeable anions and water adsorbed on the 
outer surface plus finally free water in between the particles. Water bending modes 
can be recognised in mainly the infrared spectra between roughly 1500 and 1700 cm-1 
accompanied by OH-stretching vibrations in the 3000-4000 cm-1 region. In the Raman 
spectra these bands are generally very weak or even absent, especially the bending 
vibrations. Depending on the strength with which the water molecule is hydrogen-
bonded to other molecules a shift can be observed in the spectra towards higher 
wavenumber in the bending region in contrast to the stretching region where a shift to 
lower wavenumber is observed. Normally minerals containing physically adsorbed 
water give strong infrared bands around 3450 cm-1 and 1630 cm-1. Generally speaking 
monomeric, non-hydrogen bonded water such as occurs in the vapour phase gives 
bands around 3755 and 1595 cm-1, while in the liquid phase these bands shift to 3455 
and 1645 cm-1 and in ice to 3255 and 1655 cm-1.  
 
When water is bound to the surface of a mineral the strength of the hydrogen 
bond will determine where the OH-bending and stretching vibration will be observed. 
For water adsorbed on clay minerals the OH-stretching modes of weak hydrogen 
bonds occur in the region between 3580 and 3500 cm-1 while strong hydrogen bonds 
are observed below 3420 cm-1. When water is coordinated to cations in cationic clay 
minerals the stretching vibration occurs around 3220 cm-1 corresponding to an ice-like 
structure.  In both cationic clay minerals and hydrotalcites a strong overlap exists in 
the OH-stretching region between the M-OH bands of the hydroxide layers and the 
OH-bands of water. Therefore, for the study of water in and on hydrotalcites the OH-
bending region of the infrared spectrum is much more informative. For all 
hydrotalcites this band is observed in the range between roughly 1580 and 1655 cm-1. 
No clear effect can be seen due to variation in either the divalent or the trivalent 
cations present in the hydroxide layers. The interlayer anion however does have a 
significant effect on the position of the OH-bending mode of the interlayer water. 
Similar values are observed for carbonate and sulphate anions, but a significant shift 
towards lower wavenumbers by about 20 cm-1 is observed for hydroxyl and nitrate 
interlayer anions.  
 
 One of the difficulties of obtaining the infrared spectra of hydrotalcites is the 
overlap of the water hydroxyl stretching bands with those of hydroxyls bound to 
metal centres.  The infrared absorption of water is so intense that the hydroxyl 
absorption bands of the metal hydroxides are difficult to detect.  Water is a very poor 
Raman scatterer and so Raman microscopy is more useful for the measurement of the 
OH stretching region of the M3OH units for the study of hydrotalcites.   
The Raman spectrum of the high wavenumber region of the series of hydrotalcites of 
formula NixZn6-xAl2(OH)16(CO3).4H2O is shown in Figure 8.  (The results of the 
Raman and infrared spectral analyses are reported in Tables 1 and 2.  
 
In brucite type solids, there are tripod units M3OH with several metals such as 
M, M’, M”.  In hydrotalcites such as those based upon Ni and Zn of formula  
NixZn6-xAl2(OH)16(CO3).4H2O, a number of statistical permutations of the M3OH 
units are involved.  These are Ni3OH, Zn3OH, Al3OH and combinations such as  
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Ni2 ZnOH, Zn2NiOH, Ni2 AlOH, Al2NiOH, Al2 ZnOH, Zn2AlOH, and even 
NiZnAlOH.  These types of units will be distributed according to a probability 
distribution according to the composition.  In this model, a number of assumptions are 
made, namely that the molecular assembly is random and that no islands or lakes of 
cations are formed.  Such assembly is beyond the scope of this work.  In the simplest 
case namely Ni6Al2(OH)16(CO3).4H2O the types of units would be Ni3OH, Ni2AlOH, 
NiAl2OH and Al3OH.  A similar situation would exist for the 
Zn6Al2(OH)16(CO3).4H2O hydrotalcite.  In a somewhat oversimplified model, for the 
Ni6Al2(OH)16(CO3).4H2O hydrotalcite, the most intense bands would be due to the 
Ni3OH and Al3OH bands. 
 
The formula of the synthesised mineral is such that four hydroxyl-stretching 
vibrations are predicted, namely Al3OH, Ni3OH, Zn3OH and H-OH.  For the 
Ni6Al2(OH)16(CO3).4H2O hydrotalcite the ratio of Ni/Al is 3:1 and consequently the 
expected intensity ratio of the Ni3OH and Al3OH stretching vibrations ought to be in 
this same ratio (providing the assumption is made that the two MOH units scattering 
cross sections are similar).  Two bands are observed at 3656 and 3616 cm-1 with 
intensity ratio of 4.04 to 9.25, which is a ratio of  3.7. Thus it is suggested that the 
3656 cm-1 band is attributable to the Ni3OH stretching vibration and the 3616 cm-1 
band to the Al3OH stretching vibration.  The relative areas of the 3549 and 3486 cm-1 
bands are 6.12 and 16.93 the ratio of which is precisely 1:3.  The significance of this 
result means that the over simplification of neglecting the bands which might be 
attributed to Ni2AlOH, NiAl2OH units is valid.  Alternatively the bands for these 
Ni2AlOH, NiAl2OH units coincide with that of the Ni3OH and Al3OH units.  This 
would be unexpected as the electronic and dynamic properties of these units would be 
different and consequently should have different mode frequencies. 
 
The additional band observed at 3319 cm-1 is ascribed to OH stretching 
vibrations of water.  The 3000 cm-1 band is the lowest in intensity and may be 
attributed to vibrations of the H2O hydrogen bonded to the sulphate anion.  This band 
may also result from water molecules, which act, both as an acceptor and donor in 
hydrogen bonds, which are formed between the M3OH units and the sulphate anion.  
The water in this arrangement is highly structured.  Such a model implies that the 
water molecules are all structured through hydrogen bonding in the hydrotalcite 
interlayer space.  This is an important concept as models of hydrotalcites often show 
space between the hydrotalcite layers with no molecules filling the void. The band at 
3486 cm-1 is ascribed to water in a highly structured environment between the 
hydrotalcite layers.  The band at 3319 cm-1 is attributed to water coordinated to the 
M3OH units.  The position of the band implies that the water in the hydrotalcite layers 
is highly structured.  
 
Upon substitution of two mol of Ni by Zn in the hydrotalcite structure, the 
spectral profile takes a different shape.  For the hydrotalcite of formula: 
Ni4Zn2Al2(OH)16(SO4).4H2O the first band is observed at 3661 cm-1.  The second at 
3640 cm-1, but the intensity ratio is now 1.83: 4.97.  The data suggests that the 3640  
cm-1 band is due to the Ni3OH and the band at 3640 cm-1 to Zn3OH stretching modes.  
Other hydroxyl stretching vibrations, which are expected from the Ni2ZnOH and 
NiZn2OH units, may not be able to be distinguished from those of the Ni3OH and 
Zn3OH units.  The two bands at 3462 and 3336 cm-1 are assigned to interlamellar and 
water coordinated to the M3OH units where M might be Ni, Zn or Al and any 
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combinatorial permutation of these cations.  The pattern for the 
Ni2Zn4Al2(OH)16(SO4).4H2O hydrotalcite is similar.  Two bands are observed at 3616 
and 3584 cm-1 and are ascribed to the Al3OH and (Ni2/Zn)OH hydroxyl stretching 
vibrations. The pattern for the Ni3Zn3Al2(OH)16(CO3).4H2O hydrotalcite is similar.  
The broad bands at 3383, 3273 and 3000 cm-1 are assigned to (a) interlamellar water 
(b) water hydrogen bonded to the M3OH units (where M might be Ni, Zn Al and any 
combinatorial permutation of these metals) (c) water bonded to the carbonate anion 
and water which is bridging both the M3OH units and the carbonate anion.   It should 
be noted that there is some variation in the position of the broad band attributed to 
water vibrations, however this is to be expected.  The Raman spectrum of the 
Zn6Al2(OH)16(SO4).4H2O hydrotalcite shows a somewhat different profile.  The 
intensity of the band at 3625 cm-1 attributed to the Al3OH unit is diminished in 
intensity.  The 3547 cm-1 band is assigned to the Zn3OH unit.  The bands attributed to 
the three bonding units of water are now observed at 3466, 3396 and 3255 cm-1.  The 
advantage of applying Raman spectroscopy to the study of hydrotalcites lies with the 
separation of the vibrations of the M3OH hydroxyl units and the water in different 
molecular environments.  The position and intensity of the water bands is significant 
as it proves that the water is in a highly structured environment. 
 
 The Raman spectrum of the hydroxyl stretching region of natural carrboydite 
shows a sharp band at 3614 cm-1 and a broad continuum centred upon 3445 cm-1.   
The bandwidth of the 3614 cm-1 band is 69.7 cm-1.  The first band may be assigned to 
AlOH stretching vibrations as bands in similar positions are observed for the kaolinite 
clay minerals.  The broad continuum must be associated with NiOH and water 
stretching vibrations.  In contrast the spectra of the hydroxyl stretching region of 
hydrohonessite, mountkeithite and reevesite show sharp bands.  These bands are 
attributed to MOH stretching vibrations. The bands in the hydroxyl stretching region 
of hydrohonessite are found at 3493 and 3445 cm-1 with bandwidths of 28.7 and 56.8 
cm-1.  The Raman spectrum of mountkeithite displays bands at 2698, 3688 and 3654 
cm-1.  The Raman spectrum of reevesite in the hydroxyl stretching region strongly 
resembles that of hydrohonessite. This is not unexpected as the two minerals only 
differ by having different anions in the interlayer. 
 
 
CONCLUSIONS  
 
 Hydrotalcites form an important group of synthetic compounds based upon the 
natural minerals known as hydrotalcites or layered double hydroxides. One potential 
application is the use of the zinc substituted carboydites as drug carriers.  Hydrotalcite 
like compounds are already used in the pharmaceutical industry as antacids and as 
cosmetic ingredients in under-arm deodorants. These materials have the potential to 
act as drug carriers. Instead of having sulphate or carbonate as the counter ion in the 
structure, it is possible to have the drug anion in the interlayer. The carboydite-like 
material is formed under basic conditions, so that on entering the stomach where an 
acids environment exists, the hydrotalcite will decompose releasing the drug. In order 
to understand the behaviour of hydrotalcites as drug carriers it is important to 
understand the fundamental materials chemistry of the zinc substituted carboydites. 
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 A suite of synthetic compounds of formula NixZn6-xAl2(OH)16(SO4).4H2O 
where x varies from 0 to 6 equivalent to the natural mineral known as carrboydite 
with Zn replacing the Ni in the structure have been synthesised. These compounds 
have been characterised by the techniques of X-ray diffraction, electron microscopy 
and Raman spectroscopy. X-ray diffraction shows that the d-(003) spacing is a 
function of the number of moles of Zn replacing the Ni in the synthesised carrboydite 
compound. The width of the d(003) peak is a function of this substitution and the 
crystallite size increases with increasing Zn content.   
 
 The suite of compounds was characterised by vibrational spectroscopic 
techniques including Raman spectroscopy. Raman spectroscopy shows a slight 
dependence of the position of the symmetric stretching vibration with cation 
replacement.  Raman spectroscopy also identifies the presence of carbonate impurities 
in the carrboydite compounds. It is proposed that some replacement of the sulphate by 
carbonate occurs in the solid state after the synthesis of the compounds.  The loss of 
degeneracy of the ν3, ν4 and ν2 vibrational modes indicates that the symmetry of the 
sulphate anion has been reduced from Td to C3v or even C2v. Such a loss of symmetry 
would be brought about by the sulphate anion bonding to the hydroxyl surface. 
 
 It is important to realise that the synthesis of zinc substituted carrboydite like 
compounds offers a chemical method for the production of mixed metal oxides of 
ZnO, NiO and Al2O3 on an atomic scale. These mixed metal oxides can be used as 
catalysts and anion adsorbers. Hydrotalcites have the property of memory effect or 
reformation effect. This means that the thermal activation of the hydrotalcite forming 
these mixed metal oxides can reform the hydrotalcite through the uptake of anions 
from an aqueous system. This method has potential for the uptake of drugs in the 
reformation of the hydrotalcite.   
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Ni6Zn0SO4   Ni5Zn1SO4  Ni4Zn2SO4  Ni3Zn3SO4  
Centre FWHM % Centre FWHM % Centre FWHM % Centre FWHM % 
3656 39.1 4.04 3649 43.9 5.36 3652 41.5 3.49 3657 35.3 2.24 
            
3616 76.2 9.25 3616 65.8 4.76 3622 61.7 4.39 3623 76.9 3.37 
            
3549 80.0 6.12 3559 129.6 12.10 3560 122.3 7.25 3555 134.4 9.79 
3486 208.2 16.93          
   3464 187.6 14.92 3462 185.1 24.56 3461 126.1 16.17 
            
            
         3383 151.5 14.85 
      3336 362.0 27.26    
            
3319 312.5 32.50 3314 282.1 26.70    3273 237.4 18.63 
            
         3209 550.1 14.86 
3008 329.2 7.59 3044 365.7 9.18       
      2981 379.6 5.82    
   1943 585.3 1.75       
   1638 164.4 1.56 1672 693.4 6.54 1642 81.4 0.25 
            
1406 166.7 1.59 1398 126.5 1.51 1399 90.2 0.60 1391 1092.6 4.11 
         1145 40.1 0.16 
1130 88.1 1.76 1121 104.4 1.96 1122 96.5 1.21 1113 85.7 1.36 
1060 14.7 0.19 1059 13.3 0.91 1059 14.9 0.75 1048 18.8 0.15 
1044 10.6 0.30 1045 11.3 1.78 1045 11.6 1.24    
         989 19.0 0.71 
            
979 14.6 4.65 980 13.4 3.21 980 14.0 5.13 980 12.4 3.39 
979 46.3 2.44 977 50.5 2.33    972 25.3 1.41 
            
            
775 150.2 0.92 758 146.4 1.01 762 185.7 1.36 776 68.1 0.14 
            
612 42.8 1.58       615 37.5 1.04 
      601 62.1 1.45    
   597 64.1 1.70       
559 53.1 2.78    550 32.7 2.28 561 62.1 2.26 
   550 29.5 2.38       
491 45.8 1.87       490 43.3 1.08 
      474 69.5 3.46    
   475 68.2 3.72       
450 40.2 1.94       450 36.8 1.33 
395 82.0 1.99          
         384 187.1 1.62 
   367 180.3 2.03 375 169.0 1.86    
321 76.4 0.62          
239 60.7 0.66 237 62.4 0.79 241 66.2 0.79 238 67.5 0.68 
198 27.0 0.28 197 24.2 0.35 198 25.7 0.58 196 25.7 0.41 
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Ni2Zn4SO4   Ni1Zn5SO4  Ni0Zn6SO4  
Centre FWHM % Centre FWHM % Centre FWHM % 
3661 25.4 1.83 3656 34.4 2.09 3653 39.5 1.92 
3640 43.8 4.97       
   3624 72.4 2.75 3621 68.3 3.20 
3607 78.8 4.08       
3539 154.2 12.08 3547 126.0 10.64 3547 128.7 8.43 
         
   3468 115.9 13.38 3466 147.9 22.66 
3426 192.9 28.02       
   3394 158.6 16.90 3396 179.0 18.48 
         
         
         
3265 295.2 24.80       
   3291 322.8 29.44 3255 258.6 19.50 
         
         
         
         
1665 122.7 0.70 1669 624.4 5.44 1835 693.5 4.16 
      1452 2.1 0.10 
1393 79.6 1.15 1403 85.4 0.30 1403 93.8 0.42 
         
1120 110.2 2.80 1126 77.0 1.23 1125 106.9 3.10 
1051 19.6 2.26 1057 19.5 0.94 1060 11.8 0.39 
         
980 13.8 5.50 981 13.4 3.53 981 13.1 2.94 
         
      980 23.2 3.03 
   978 43.4 2.13    
      923 86.8 0.31 
      790 115.2 0.66 
775 77.7 0.35       
716 18.7 0.11       
   604 55.5 1.23 605 60.6 1.46 
605 54.0 1.50       
         
   553 1.4 0.13    
549 35.9 2.44 550 33.1 2.15 552 29.7 3.16 
   487 55.0 3.36 485 54.6 1.92 
         
469 73.3 4.39       
   447 45.4 1.60 442 27.8 0.72 
   397 39.4 0.45 391 174.7 2.19 
         
369 116.1 1.39 359 60.1 0.95    
   313 42.9 0.16    
244 69.4 1.03 247 69.5 0.90 247 53.8 0.76 
198 26.7 0.61 199 26.0 0.28 200 26.5 0.47 
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Ni6Zn0SO4  Ni5Zn1SO4  Ni4Zn2SO4  Ni3Zn3SO4  
Centre FWHM % Centre FWHM % Centre FWHM % Centre FWHM % 
3620 75.3 0.99    3617 77.3 1.41 3618 78.6 1.14 
   3578 130.2 1.72       
3539 135.4 2.10    3535 133.6 2.79 3537 137.3 2.37 
   3436 218.9 19.17       
3418 205.5 14.40    3417 190.2 16.51 3411 209.3 19.64 
3267 277.0 25.39 3271 287.4 28.86 3273 257.8 23.41 3265 236.5 18.20 
         3135 316.8 19.86 
   3036 375.9 17.91 3098 329.2 15.23    
3077 360.0 20.84          
      2879 408.3 7.64 2899 413.4 8.71 
            
2791 352.7 5.14          
   2749 214.6 1.15       
   2604 126.9 0.23       
2523 210.5 0.52    2545 231.2 0.34    
1755 18.8 0.01 1753 23.0 0.02       
   1674 36.4 0.05    1677 38.0 0.09 
         1656 41.1 0.16 
1636 90.3 2.57 1636 86.3 2.87 1636 88.3 3.11 1634 95.0 1.85 
         1633 64.3 0.89 
            
            
            
            
1554 177.4 1.98 1557 183.3 2.24 1555 133.2 1.65    
         1527 201.1 3.20 
      1476 93.4 0.51    
1394 62.1 1.23 1394 62.9 2.00    1400 65.3 0.72 
      1398 52.0 0.71    
            
1358 42.1 1.42 1361 38.5 2.34    1359 50.3 0.95 
      1361 30.9 1.03    
   1346 76.0 4.13 1355 78.3 6.23    
1317 43.3 0.16       1309 29.0 0.02 
1285 26.7 0.02       1275 42.7 0.04 
   1259 57.7 0.20 1256 56.0 0.19    
         1237 18.4 0.02 
1137 48.3 2.77 1131 51.3 2.44 1141 45.9 1.03 1152 38.2 0.94 
            
1111 39.0 2.23 1110 30.1 0.31 1097 67.3 9.02 1118 50.3 3.67 
1080 53.8 8.04 1086 57.7 6.10    1083 65.2 11.67 
      1073 29.9 0.36 1071 25.1 0.26 
      1048 48.3 0.71    
1036 32.4 0.52 1038 31.0 0.20       
   973 15.8 0.04 974 18.0 0.07 974 20.9 0.16 
            
   943 43.8 0.09 941 65.9 0.45    
            
859 49.3 0.28 863 45.6 0.11       
         835 72.3 1.02 
808 72.4 2.08 804 84.2 1.43       
 15
783 37.3 0.15    787 112.5 2.09    
         770 85.1 1.59 
            
756 57.2 1.71 752 67.6 1.46       
      734 80.9 1.55    
         724 61.2 0.34 
718 57.5 0.49 713 50.7 1.25       
            
         691 27.0 0.07 
685 29.4 0.19 681 32.7 0.71 684 38.3 0.65    
   661 19.5 0.22 659 19.0 0.15    
632 10.9 0.04 650 13.1 0.07       
         612 19.1 0.36 
602 35.7 1.35       597 25.1 0.98 
   589 35.9 1.28 589 40.3 1.65    
577 36.7 2.73       573 22.9 0.74 
561 21.3 0.43          
553 13.3 0.15 555 28.2 1.20 551 33.9 1.51 557 15.0 0.25 
542 2.8 0.06 541 17.6 0.21    548 7.0 0.09 
 
 
Table 1 Results of the Raman spectroscopic analysis of Zn-carrboydite
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Ni6Zn0SO4  Ni5Zn1SO4  Ni4Zn2SO4  Ni3Zn3SO4  
Centre FWHM % Centre FWHM % Centre FWHM % Centre FWHM % 
3620 75.3 0.99    3617 77.3 1.41 3618 78.6 1.14 
   3578 130.2 1.72       
3539 135.4 2.10    3535 133.6 2.79 3537 137.3 2.37 
   3436 218.9 19.17       
3418 205.5 14.40    3417 190.2 16.51 3411 209.3 19.64 
3267 277.0 25.39 3271 287.4 28.86 3273 257.8 23.41 3265 236.5 18.20 
         3135 316.8 19.86 
   3036 375.9 17.91 3098 329.2 15.23    
3077 360.0 20.84          
      2879 408.3 7.64 2899 413.4 8.71 
            
2791 352.7 5.14          
   2749 214.6 1.15       
   2604 126.9 0.23       
2523 210.5 0.52    2545 231.2 0.34    
1755 18.8 0.01 1753 23.0 0.02       
   1674 36.4 0.05    1677 38.0 0.09 
         1656 41.1 0.16 
1636 90.3 2.57 1636 86.3 2.87 1636 88.3 3.11 1634 95.0 1.85 
         1633 64.3 0.89 
            
            
            
            
1554 177.4 1.98 1557 183.3 2.24 1555 133.2 1.65    
         1527 201.1 3.20 
      1476 93.4 0.51    
1394 62.1 1.23 1394 62.9 2.00    1400 65.3 0.72 
      1398 52.0 0.71    
            
1358 42.1 1.42 1361 38.5 2.34    1359 50.3 0.95 
      1361 30.9 1.03    
   1346 76.0 4.13 1355 78.3 6.23    
1317 43.3 0.16       1309 29.0 0.02 
1285 26.7 0.02       1275 42.7 0.04 
   1259 57.7 0.20 1256 56.0 0.19    
         1237 18.4 0.02 
1137 48.3 2.77 1131 51.3 2.44 1141 45.9 1.03 1152 38.2 0.94 
            
1111 39.0 2.23 1110 30.1 0.31 1097 67.3 9.02 1118 50.3 3.67 
1080 53.8 8.04 1086 57.7 6.10    1083 65.2 11.67 
      1073 29.9 0.36 1071 25.1 0.26 
      1048 48.3 0.71    
1036 32.4 0.52 1038 31.0 0.20       
   973 15.8 0.04 974 18.0 0.07 974 20.9 0.16 
            
   943 43.8 0.09 941 65.9 0.45    
            
859 49.3 0.28 863 45.6 0.11       
         835 72.3 1.02 
808 72.4 2.08 804 84.2 1.43       
 18
783 37.3 0.15    787 112.5 2.09    
         770 85.1 1.59 
            
756 57.2 1.71 752 67.6 1.46       
      734 80.9 1.55    
         724 61.2 0.34 
718 57.5 0.49 713 50.7 1.25       
            
         691 27.0 0.07 
685 29.4 0.19 681 32.7 0.71 684 38.3 0.65    
   661 19.5 0.22 659 19.0 0.15    
632 10.9 0.04 650 13.1 0.07       
         612 19.1 0.36 
602 35.7 1.35       597 25.1 0.98 
   589 35.9 1.28 589 40.3 1.65    
577 36.7 2.73       573 22.9 0.74 
561 21.3 0.43          
553 13.3 0.15 555 28.2 1.20 551 33.9 1.51 557 15.0 0.25 
542 2.8 0.06 541 17.6 0.21    548 7.0 0.09 
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Ni2Zn4SO4  Ni1Zn5SO4  Ni0Zn6SO4  
Centre FWHM % Centre FWHM % Centre FWHM % 
3615 82.6 1.90 3621 78.4 0.98 3621 75.7 0.84 
         
3536 134.8 2.81 3536 140.8 2.16 3540 139.2 1.91 
         
3424 197.2 15.94 3419 202.2 16.27 3418 205.2 19.01 
3281 268.3 24.60 3274 263.4 26.11 3269 254.5 24.12 
         
3088 365.6 17.78 3089 355.8 21.65 3110 351.6 20.05 
         
         
   2793 292.9 2.31 2810 344.3 3.25 
2772 276.7 1.93       
         
         
         
1755 32.7 0.02       
         
   1655 64.4 0.69    
1639 89.5 2.60    1638 85.5 2.31 
         
         
   1626 55.0 0.49    
   1587 185.8 3.15    
      1564 178.4 1.61 
1544 128.5 1.18       
   1506 33.5 0.50    
1469 81.4 0.77 1478 42.5 0.25    
1403 56.2 1.67 1393 32.3 0.73 1404 51.5 0.46 
         
   1376 115.2 2.10    
1360 39.0 0.94 1363 35.4 1.57 1360 42.4 3.23 
         
1352 73.1 4.64 1354 43.6 2.07    
         
         
1259 48.8 0.16 1263 59.7 0.10    
   1219 21.5 0.03    
1146 48.2 2.04    1147 38.1 1.01 
   1137 55.2 1.82    
1108 52.5 6.23    1111 53.2 5.73 
   1088 70.3 10.44 1080 55.3 7.14 
1076 49.4 4.75       
1050 47.7 1.25       
   1034 31.5 0.21    
978 12.9 0.06 973 15.4 0.06 978 18.0 0.10 
968 18.6 0.08    961 28.5 0.21 
949 31.1 0.13 945 41.0 0.19 936 32.1 0.27 
919 29.6 0.08    913 21.8 0.07 
856 43.0 0.21 859 40.6 0.46    
823 37.6 0.18 829 26.8 0.19 837 94.3 1.66 
         
 20
         
775 76.3 1.27 774 89.7 2.42    
      764 84.6 3.59 
         
734 55.5 1.36       
   726 62.1 1.24    
      718 59.5 1.00 
706 41.1 0.58       
   693 36.5 0.64    
681 32.0 0.52 673 29.9 0.33 682 37.5 0.65 
658 20.9 0.15       
         
         
607 20.3 0.36 593 26.9 0.47 602 32.7 1.13 
588 33.6 1.62       
      579 7.3 0.03 
         
556 30.5 1.65 559 26.2 0.38 558 17.9 0.31 
      546 14.1 0.23 
539 14.5 0.40    537 7.7 0.08 
530 2.9 0.12       
 
 
Table 2 Results of the IR spectroscopic analysis of Zn-carrboydite
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Figure 1a X-ray diffraction patterns of Zn-substituted carrboydite 
 
Figure 1b X-ray diffraction pattern of the d(003) peak of Zn-substituted carrboydite 
 
Figure 2a Variation of the d(003) peak with moles of Zn substitution. 
 
Figure 2b Variation of crystallite size with moles of Zn substitution 
 
Figure 3 SEM image of the Zn substituted carrboydite 
 
Figure 4 TEM images of selected Zn substituted carrboydite 
 
Figure 5 Raman spectra of the 900 to 1100 cm-1 region of Zn substituted carrboydite 
 
Figure 6 Infrared spectra of the 500 to 1700 cm-1 region of Zn substituted carrboydite 
 
Figure 7 Raman spectra of the 150 to 650 cm-1 region of Zn substituted carrboydite 
 
Figure 8 Raman spectra of the 2800 to 3800 cm-1 region of Zn substituted carrboydite 
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